The synergistic corrosion inhibition effect of phytic acid (PA) and benzyltrimethyl ammonium bromide (BAB) on 1045 carbon steel (CS) in 0.5 M HCl is reported. Electrochemical measurements showed that PA and BAB can reduce the corrosion rate of 1045 CS in HCl solution and act as excellent corrosion inhibitors. The best inhibition efficiency ηi of the combination inhibitor of PA with BAB is 90.6%. SEM images of the corroded steel surfaces suggest that the PA and BAB are simultaneously adsorbed on the CS surface to inhibit the corrosion of iron. The synergistic inhibition mechanism is investigated by dynamic simulations and quantum chemistry.
INTRODUCTION
Carbon steel as a common material is used extensively in many fields and plays an important role in industry, energy and so on that cannot be replaced [1, 2] . However, as a type of metal, it cannot avoid exposure to the air or direct contact with a liquid medium causing corrosion via oxidation and reduction, electrochemical reactions or dissolution. All of these factors result in large losses, substantial waste and can even cause very serious factory accidents. In recent years, the methods used to solve metal corrosion have mainly depended on traditional methods, e.g., covering the surface of the base metal with a coating or molecular form of the film. These compounds isolate the base metal from the corrosive medium to achieve corrosion protection.
.
The use of corrosion inhibitors is a traditional method of corrosion protection. It consists of one or more kinds of molecules. The inhibitor dose is trace with an appropriate concentration in the corrosive medium to achieve efficient corrosion protection. The inhibitor molecule of the film forms a layer or multi-layers to isolate the corrosive medium from the base metal to reduce the corrosion rate to zero [3, 4] . However, the addition of inhibitor to corrosive media cannot change the nature of the metal material. This is one of the advantages of an inhibitor. After long-term global exploration and research, researchers have found that molecules containing O, N, P and S atoms, which contain lone pair electrons that can be provided to the empty d-orbital of iron atoms to form a coordinate bond, are efficient corrosion inhibitors. The relative molecular mass of PA is 660. 4 , and the molecular formula is C6H18O24P6 with six phosphate groups. Therefore, PA is easily soluble in water with strong acidity. Figure 1 shows the structure of PA [5] [6] [7] . The unique cyclic structure and phosphate group are the key structural features that determine the inhibitory action. PA is extracted from innocuous and nonpoisonous plants and has abundant raw material sources and low cost [8] [9] [10] [11] [12] . In addition, many researchers have studied PA as a synergistic inhibitor to protect metal. Yanhua Lei, et al. [9] researched the properties of polypyrrole to form a film on copper from a PA solution in a NaCl solution for corrosion protection. However, the corrosion of carbon steel occurs in acidic corrosive media. The application of phytic acid to carbon steel protection via synergistic inhibitors is scarce in reports and documents. BAB is a highly efficient corrosion inhibitor. The BAB molecular formula is C10H16N·Br. Figure 1 shows the structure of BAB. It is obvious that BAB contains one nitrogen atom, and its structure is similar to that of the highly effective inhibitor hexadecyl trimethyl ammonium bromide (CTAB) [13] . It has been reported that BAB has been applied to inhibit the corrosion of oil pipelines [14] . Therefore, we selected BAB as a synergistic inhibitor with PA. Therefore, this study investigated the corrosion inhibition of mild carbon steel in a 0. 
EXPERIMENTAL

Preparation of Electrodes
The working electrode (WE) was made of a 1045 carbon steel (CS) rod 2.5 cm in length with a cross-sectional area of 0.5024 cm 2 . The chemical composition of the CS (wt.%) was C 0.45%, Si 0.17%, Mn 0.5%, S 0.035%, P 0.035%, Cr 0.25%, Cu 0.25%, Ni 0.30%, and Fe 98%. The carbon steel electrode was coasted in an epoxy resin and then electrical contacted with a copper wire. Before each experiment, the exposed surface was mechanically abraded with 800#, 1200# and 1400# emery papers until its surface was smooth and subsequently degreased and cleaned with ethanol using an ultrasonic cleaner. Then, the cleaned electrode was immersed in ethanol. [15] .
Creation of synergistic inhibitor solutions
PA (70% in H2O, Shanghai Macklin Biochemical Co., Ltd) was dissolved in 0.5 M HCl solution, which was prepared from analytical-grade HCl (12 M) and ultra-pure water at 25℃. Then BAB (≥98%, Aladdin Industrial Corporation) was dissolved in the PA solution with mechanical stirring. The molar ratio of the PA to BAB was 1:1, 1:2 and 1:3.
Electrochemical measurements
All electrochemical experiments were carried out in a traditional three-electrode system in a glass cell with two sheets of platinum foil (1.0 cm × 1.8 cm) as the counter electrodes and a saturated calomel electrode (SCE) as the reference electrode. Experiments were performed in 0.5 M HCl prepared from reagent-grade chemicals and ultra pure water. Electrochemical impedance spectroscopy (EIS) measurements were performed using an IM6 electrochemical workstation (ZAHNER, Germany). All the electrochemical measurements were performed after the WE was immersed in the test solution for 1 h, and the open circuit potential (Eocp) remained stable. EIS was performed under the corrosion potential with a sinusoidal potential perturbation of 5 mV in amplitude, and the frequency was from 100 kHz to 0.1 Hz. The data from the EIS were fitted using the ZView2 software. The polarization curves were measured by dynamically scanning the potential at 2 mV·s -1 from Eocp -200 mV to Eocp +200 mV. The data for the polarization curves were fitted using the built-in IM6 software by the Tafel extrapolation method. All of the experiments were conducted at 25 ± 1 °C [15] .
SEM Analysis
The corrosion surfaces were characterized by SEM (GSM-6380LV models of scanning electron microscopy, JEOL) using steel specimens (3 mm × 3 mm × 1 mm) corroded in synergistic inhibitor solutions prepared from 0.5 M HCl and inhibitor at 25℃ for 1 h.
Quantum chemical calculations and dynamic simulations
Gaussian 03 software [16] was used to perform the quantum chemical calculations using the B3LYP model of density functional theory (DFT) combined with the 6-311G (d, p) basis sets. Quantum chemical calculations were used to calculate the energy and optimize the geometric construction of the molecules. The function of B3LYP with 6-311G (d, p) can meet the needs exactly [17] [18] [19] . The lowest unoccupied molecular orbital (ELUMO), the highest occupied molecular orbital (EHOMO), the value of the energy gap (ΔE = ELUMO -EHOMO) and the dipole moment (μ) were calculated to evaluate the effect on the inhibition abilities. Molecular dynamic simulations were used to calculate the adsorption configuration of the inhibitor molecules on the iron surface, the water molecules and the Cl − ion diffusion in the solution system by the Discover module of Materials Studio 6.0 software from AccelrysInc [20] . The system was at the temperature of 298 K. The dynamic simulations contained two parts: the solution layer and the iron base as the surface of the adsorbed molecules. The iron base is a box (24.8238 Å × 24.8238 Å × 18.2417 Å) with the periodic iron atom confined in the boundary conditions and the degree of zero vacuum. The Fe (1 1 0) crystal face was used as the base metal because the Fe (1 1 0) surface is a densely packed surface and therefore very stable [17, 21, 22] . From the Fe (1 1 0) surface, 10 layers of iron atoms were cleaved, and the energy of the box was optimized to a minimum. Part of the solution layer was a box (24.8238 Å × 24.8238 Å × 20.7286 Å) containing 400 H2O, 5 H3O + , 5 Cl -and 1 inhibitor molecule with the zero vacuum degree of the limited layer. Then, the energy of the solution layer was optimized to a minimum. The two parts and 100 H2O of the limited layer create the dynamic simulation system. Before optimizing the entire system, the six-layer iron atoms must be frozen from the bottom and the H2O-limited layer. Then, optimizing the entire system minimized the total energy of the system. Finally, the entire system reached a stable equilibrium state where the temperature and the energy of the system were stable. The details for the setup of the molecular dynamic simulation are listed in Table 1 .
RESULTS AND DISCUSSION
Potentiodynamic polarization measurements
The potentiodynamic polarization curves with or without PA and BAB-modified CS in 0.5 M HCl are shown in Figure 2 . The results showed that PA and BAB and their synergistic effect reduce both the anodic dissolution of CS and the hydrogen evolution reaction. This result is attributed to the adsorption of PA and BAB and their synergistic molecules on the active sites of the CS surface. The corrosion potential, corrosion current density, anodic Tafel slope and cathodic Tafel slope deduced from the polarization curves are given in Table 2 . From Figure 2 , it is clear that there is a small shift in the corrosion potential towards the anodic region. The anodic process is controlled by activation dissolution and no apparent passivation can be observed in the curves [23] . When the change in the Ecorr value is greater than 85 mV, an inhibitor can be classified as anodic or cathodic type [24] [25] [26] [27] [28] [29] . The maximal shift value of Ecorr is 10.9 mV (vs.SCE, Table 2 ) for the PA corrosion inhibitor with an assembling time of 1 h; the maximal shift value of Ecorr is 18 mV for the BAB corrosion inhibitor with an assembling time of 1 h; and the maximal shift value of Ecorr is 18.4 mV for both PA and BAB with an assembling time of 1 h. The small change in βa and βc (Tafel slopes) and Ecorr means that all these inhibitors behave as a mixed type. The approximately parallel Tafel lines indicate that there is no change in the mechanism of CS corrosion [7, 30] .
The inhibition efficiencies calculated from the values of the corrosion current density with and without inhibitor are shown in Table 1 , according to Eq. (1):
where corr i and 0 corr i are the corrosion current density values with and without the inhibitor, respectively, determined by extrapolation of the anodic and cathodic Tafel lines to the corrosion potentials. From Table 2 , it can be observed that the inhibition efficiencies increase and then decrease for PA, and the maximal inhibition efficiency is 8.6% when the concentration is 1×10 -3 M. When the concentration is above or below that value, the inhibition efficiency will decrease, even promoting corrosion. This result is because PA is a strong acid and has a strong chelating capacity. When the concentration of PA is lower, PA has a strong chelating ability and can combine with the iron ions of the carbon steel surface. PA will protect the carbon steel by providing lone pair electrons to iron atoms, forming a coordination bond. Then, a layer of corrosion-resistant film forms to protect the carbon steel against corrosion by HCl. Meanwhile, PA ionizes the hydrogen ions in water. As a strong acid, at a higher concentration, PA reduces the pH value to promote corrosion of the carbon steel substrate. Therefore, as the concentration of PA increases, the corrosion inhibition is stronger than the efficiency of corrosion promotion, and the protection efficiency reaches a maximum of 23.95% (Table 3) at a concentration of 1×10 -3 M. When the concentration of PA is over 1×10 -3 M, PA promotes corrosion [7, 31] . When the concentration is less than 2 × 10 -3 M, BAB promotes corrosion, and the inhibition efficiency increases with increasing concentration. The reason may be that BAB will hydrolyse benzyl trimethyl ammonium cations and bromide ions in water. The benzyl trimethylammonium cations adsorbed on the carbon steel surface lead to a working electrode with a positive charge. This charge will attract Cl -to the carbon steel surface to cause pitting. However, with the benzyl trimethylammonium cations covering the entire carbon steel surface, pitting will be inhibited, decreasing the rate of corrosion and the corrosion current. The synergy of PA and BAB with the optimal molar ratio for the inhibition efficiency is 1:2. This is because PA has a special ring structure that leaves some interspace between the PA molecules. However, BAB can fill up the interspaces in PA adsorbed on the carbon steel surface to further protect carbon steel from corrosion. When the molar ratio is 1:1, BAB cannot fill up the interspaces, and when the molar ratio is 1:3, competitive adsorption between molecules occurs. The values of βa and, βc exhibit no obvious changes, which suggests that the inhibition effect comes from the reduction in the reaction area on the corroded metal surface [32] . The key objective of EIS experiments is to provide insight into the characteristics and kinetics of electrochemical processes occurring on CS without and with different molecular layers of different inhibitor molecules in HCl. The Nyquist plots recorded for CS with different inhibitor molecules in HCl are shown in Figure 3 . All the Nyquist plots display one capacitive loop in the solutions with and without inhibitors, which indicates a traditional and simple electrochemical process [23] . The Nyquist plots are not exact semicircles due to the dispersion effect and the instability of the electrode surface. All EIS spectra are fitted using the equivalent circuit shown in Figure 4 , which is a parallel combination of the charge transfer resistance (Rct) and the constant phase element (CPE), both in series with the solution resistance (Rs) [33] . The double layer capacitance (CdI) is replaced by the CPE, and the admittance and impedance of the CPE can be defined from Eq. (2) and (3):
where Y0 is the modulus, n is the deviation parameter and ω is the angular frequency. Accordingly, the values of Cdl can be calculated using Eq. (4) [34, 35] :
The inhibition efficiencies (ƞR) of different inhibitor molecules are estimated with the following Eq. (5):
where 0 ct R and Rct are the charge transfer resistance of CS in HCl without and with inhibitor molecules, respectively. Table 3 shows the fitted data and the calculated corrosion efficiencies from the impedance plots (Figure 3 ) of the CS electrode with and without different inhibitor molecules for an immersion time of 1 h. The Rct values represent the charge transfer resistance of CS in HCl. This result indicates the synergistic effect of the PA and BAB molecules is adsorbed on the active sites of the CS surface at a molar ratio of 1:2, and the maximal efficiency is with the concentrations 1×10 -2 M:2×10 -2 M. Actually, the existence of inhibitors improves the values of Rct and decreases both the Cdl and icorr values, signifying that inhibitors hinder CS corrosion by adsorption among acid/metal [36] . Figure 5 . The CS surface without inhibitor molecule films was corroded in the HCl solution ( Figure 5a and Figure 5c ). There are some small corrosive holes on the CS surface, which may be caused by the Cl -ion erosion process. In contrast, the surface of CS covered with the inhibitor molecule films was flat with only some slight scratches on it (Figure 5b and Figure 5d ). It is very obvious from the SEM micrographs that the synergy of PA and BAB molecules exerts an inhibitory effect on the corrosion of carbon steel.
Quantum chemical calculation and dynamic molecular simulation
Quantum chemical calculations
The results of the above experiments provide evidence that PA and BAB molecules and their synergistic effect can protect CS from corrosion in HCl by chemical adsorption on the CS surface. To determine the corrosion mechanism of the inhibitor molecules, quantum chemical calculations were used for further study. The results of the molecular geometric construction and the frontier molecular orbital surfaces optimized by Gaussian are shown in Figure 6 . The data from the frontier molecular orbital surfaces calculated by quantum chemical calculations are shown in Table 4 . The frontier molecular orbital energies include ELUMO and EHOMO. The energy of EHOMO represents the ability of the molecule to provide electrons. The higher the value of the frontier molecular orbital energy is, the easier it is to provide an electron for the unfilled molecular orbitals of suitable acceptor molecules with low energy. In contrast, the energy of ELUMO represents the ability of a molecule to accept electrons.
The lower the value of the frontier molecular orbital energy is, the more likely it is to accept electrons. With respect to the inhibitor molecules, the low value of ELUMO indicates that the inhibitor molecules more easily accept an electron and accommodate the redundant charge of the metal surface. Thus, the adsorption energy between the inhibitors and iron surface will decrease while the energy gap (ΔE = ELUMO -EHOMO) increases [37, 38] . According to Koopmans's theorem, the ionization potential (I) is estimated by I = -EHOMO and the electron affinity (A) is estimated by A = -ELUMO [39] [40] [41] . The values of χ and γ for the inhibitor molecules were calculated from Eq. (6) and (7) [42] :
Therefore, the change in the number (△N) of electrons transferred is calculated by Eq. (8) [43, 44] :
where Fe  and inh  are the absolute electronegativity of the iron atom and inhibitor molecules, and Fe  and inh  are the global hardness of the iron atom and inhibitor molecules. In this study, the theoretical values of Fe  and Fe  are taken as 7 eV and 0 eV [41, 45] .
The calculated results are reported in Table 4 . The △N values represent the inhibitive performance of the inhibitors resulting from electron donation. If △N < 3.6, a higher △N implies the better electron donation capability and inhibition efficiency of the inhibitor molecules [46] . From Table  4 , it is clear that the inhibition efficiency of PA is superior to that of BAB. Using molecular dynamics simulations, we can obtain the energy of adsorption when the entire system reaches thermal and energetic equilibrium. Then, the energy of the inhibitor molecules adsorbed on the iron surface Fe (1 1 0) can be expressed by means of the binding energy. The adsorption energy and binding energy in the system are calculated by Eq. (6) and (7):
where Etotal is the total potential energy of the system, Esurface+solution and Einhibitor+solution are the potential energies of the system without the inhibitor and the system without the CS surface, respectively, and Esolution is the potential energy of all of the water molecules. The calculated binding energies and experimental inhibition efficiencies are shown in Table 5 .
As shown in Figure 7 , it is clear that the inhibitor molecules can absorb to the iron surface Fe (1 1 0), which is attributed to the frontier molecular orbital being the occupied molecular orbital and the unoccupied molecular orbital. In addition to the chemical bond, there are some other intermolecular forces between the inhibitor molecules and the iron surface. For example, van der Waals interactions, metal complexation and H bonding. The results of the quantum chemical calculations and dynamic molecular simulations show the same conclusion; i.e., the synergistic inhibitors PA and BAB have corrosion inhibition capacities greater than that of PA or BAB, and the results of the electrochemical measurements also support this conclusion. 
CONCLUSIONS
A study of the inhibition abilities if environment-friendly synergistic inhibitors PA and BAB on CS surfaces was conducted using EIS polarization measurements. A theoretical study was used to elucidate the inhibition mechanism. From the experiment above, the following points were concluded:
(1) A synergistic inhibitor of PA and BAB can adsorb onto the CS surface and form molecule films that can prevent CS corrosion in 0.5 M HCl. The inhibition efficiency changes with different concentrations and molar ratios.
(2) The synergistic inhibitor of PA and BAB molecule films acts as a mixed-type inhibitor by decreasing both anodic metal dissolution and cathodic hydrogen reduction reactions. Electrochemical measurements show that the synergistic inhibitor PA and BAB molar ratio of 1:2 has the highest inhibition efficiency.
(3) Quantum chemical calculations and dynamic simulations indicate that PA and BAB can absorb on the CS surface by chemisorption. The synergistic inhibitor of PA and BAB absorbs more closely on the iron surface than the PA or BAB molecules alone.
